Solar sails are among the most studied members of the ultra-lightweight and inflatable (Gossamer) space structures family due to their potential to provide propellentless propulsion. They are comprised of ultra-thin membrane panels that, to date, have proven very difficult to experimentally characterize and numerically model due to their reflectivity and flexibility, and the effects of gravity sag and air damping. Numerical models must be correlated with experimental measurements of sub-scale solar sails to verify that the models can be scaled up to represent full-sized solar sails. In this paper, the surface shapes of five horizontally supported 25 µm thick aluminized Kapton membranes were measured to a 1.0 mm resolution using photogrammetry. Several simple numerical models closely match the experimental data, proving the ability of finite element simulations to predict actual behavior of solar sails.
I. Introduction
olar sails are part of the class of ultra-lightweight and inflatable gossamer space structures. They are propellantless propulsion devices that generate a small but continuous acceleration on the order of 1.00 mm/s 2 . In order to achieve this acceleration rate, solar sails must be fabricated using membranes less than 5.0 µm thick with areal densities less than 7.0 g/m 2 . 1 This constant acceleration will allow travel in non-Keplerian orbits, which are uniquely suited for several tasks such as polar observing and holding relatively stationary positions. Consequently solar sails have been proposed for use on several NASA missions planned for launch this decade. 2, 3 The thrust provided by a solar sail is generated when photons of sunlight are reflected by their specular surfaces, transferring momentum that propels the spacecraft. This momentum transfer, called solar pressure, is quite small -9.12x10 -6 N/m 2 at 1 AU -and requires that the sails be simultaneously very large and very lightweight to generate useful acceleration. It is impossible to effectively test full-scale models of square solar sails 100 m or more on a side on Earth due to vacuum chamber size limitations and an inability to compensate for the effects of gravity. Consequently, highly accurate numerical models will be used in place of experimental data. These models must be correlated with laboratory sub-scale models, then altered to eliminate the influences of gravity and air damping and scaled up to reflect the full size of the sails.
As an initial step in the correlation process, several solar sail quality membranes were suspended horizontally with two different boundary support configurations. The static shape of each membrane was measured using a full-field, non-contact technique called dot projection photogrammetry to avoid extraneous loads introduced by more traditional sensors typically attached to the test article. These data are compared to numerical models with identical boundary and suspension conditions.
II. Experimental Setup
Several aluminum frames, including the one shown in Figure 1 , were bolted to a steel backstop approximately 2.8 meters above the ground. The protruding corners of the frame were supported by steel wires also connected to the backstop. This extra support was provided to eliminate as much bending of the frame as possible, and to ensure that the test article was approximately horizontal. Each membrane was attached to the frame either along the entire perimeter (fixed-edge) or only at the corners (corner-supported) creating two different boundary support conditions. A total of five membranes were measured: square and triangular membranes, each with either corner-supported or fixed-edge conditions; and a circular membrane with a fixed-edge condition. The area behind (above) the membranes was open, allowing them to sag and wrinkle without obstruction from the frame. Dot-projection photogrammetry was used to statically characterize the out-of-plane surface shape of each suspended membranes. Photogrammetry is the science of making precise shape measurements from photographs. To generate these measurements, multiple images taken simultaneously were loaded into the photogrammetry software and associated with the appropriate calibration parameters. These parameters were calculated independent of the measurement and allowed the software to remove distortions in the images caused by lens curvature and imperfections, focus, aperture setting, and other camera factors and aberrations.
The projector setup shown in Figure 2 created a grid of targets on each of the membranes. Four professional digital cameras imaged these targets. The photographs were taken simultaneously to minimize the possibility of membrane movement between images. After the images were loaded into the photogrammetry software and assigned the calibration parameters, each of the projected targets was marked to sub-pixel accuracy using an automatic least squares matching algorithm. The points, corresponding to the exact centers of the targets, were then matched across the images and a bundle adjustment algorithm was run that simultaneously iterated on the camera and point locations, all in three-dimensional space. The final result of the process was a set of threedimensional points that were exported for measurement [8] [9] [10] . All photogrammetry measurements are initially un-scaled, meaning a scale and orientation were defined in post-processing. Invar scale bars (Figures 1 and 2) , with targets exactly 1.1176 m (44.0 in) apart were used to scale the project. Because the retro-reflective targets on the scale bar required a flash for illumination, three additional images were taken after the measurement was completed, and referenced back to the four simultaneous images using projected and attached targets on the frame.
III. Experimental Results
The results shown here were generated from a contour mapping software using the five three-dimensional sets of points generated by the photogrammetry measurements. The software uses one of several different algorithms, selected by the user depending on the desired amount of smoothing and interpolation, to create "continuous" grids of regularly spaced points from the discrete data. A surface was then fit through each grid to produce the contour maps shown in Figures 3 through 7 . Figure 3 shows the surface profile of the first suspended test article, the square 25 µm thick aluminized Kapton membrane one meter on a side. The membrane was attached to the frame along its perimeter (fixed-edge). Figure 4 shows the surface profile for the same type of square aluminized Kapton membrane, attached to the frame only at its corners, in the corner-supported boundary condition. As expected, a large sag of approximately 16 mm in amplitude is visible, as well as some smaller wrinkles running from the corners to the center of the membrane. Figure 5 shows the surface profile of a right triangular aluminized Kapton membrane, 1.00 m X 1.00 m X 1.41 m, attached to the frame along its perimeter. Figure 5 (a) is a shaded relief map of the membrane that shows the measured wrinkle pattern. Figure 5 (b) allows for determination of the wrinkle amplitude, which, at less than 1 mm in size, is less than that obtained for the similarly-mounted square membrane. Figure 6 shows the surface profile of the same type of right triangular aluminized Kapton membrane, attached to the frame at its corners. As expected, a large sag in the membrane approximately 14 mm in depth was observed. Figure 7 shows the surface profile of the one meter diameter circular membrane attached to the frame along its perimeter. The wrinkle pattern of the membrane is visible in the shaded relief map shown in Figure 7 These results show that successful non-contact measurement of winkle patterns less than one millimeter in amplitude is possible using dot-projection photogrammetry. The results are used as a standard against which results from the numerical models are compared to demonstrate their ability to accurately predict experimental results using fairly simple simulations.
IV. Numerical Models
Numerical models were created for most of the membrane configurations and boundary conditions measured experimentally. The square, triangular, and circular 25 µm thick aluminized Kapton membranes were suspended horizontally to simplify the modeling of gravity and to reflect the true loading condition of actual solar sails. While solar pressure is six orders of magnitude smaller than the force of gravity, it will be incident roughly normal to the surface of the sail. 4 Due to the inaccuracies inherent in experimental data, repetitive load conditions, and processing and convergence limitations in the numerical simulations, the triangular membrane was only modeled in the corner-supported configuration and the circular membrane was not modeled.
Three finite element models were created using four node, six degrees of freedom per node shell elements and the following material properties for Kapton Type 100 Hn Film: Young's Modulus = 2.5 GPa, Poisson's Ratio = 0.34, Density = 1420 kg/m 3 ( Figures 8 -10 ) .
5-7 Figure 8 shows the square corner-supported configuration 1.0 m on each side with 0.002 m 45 o chamfer at each corner, reflecting the actual dimensions of the membranes shown in Figures 3 and 4 . Figure 9 shows the square fixed-edge configuration with identical dimensions to the model in Figure 8 . Figure 10 respectively, symmetry, and a static, large deformation non-linear analysis solved using the arc-length method. 6 The arc-length method applied gravity in 239 sub-steps, iteratively varying the applied load at each equilibrium convergence calculation within each sub-step to maintain total model convergence. The wrinkle pattern seen in Figure 9 was generated by adding an additional load step to the gravity step in which the top and bottom edges of the membrane were sheared 0.5 mm in opposite directions. This additional load step was solved using the nonlinear arc-length method discussed above with a number of load steps determined automatically. Many attempts were made to propagate the resulting wrinkles throughout the entire membrane by tensioning various edges in various directions in additional load steps without success. Figure 9 does, however, demonstrate the ability of this numerical method to produce steady state wrinkles similar in direction and amplitude to those seen in the experimental data using a fairly simple simulation that did not require the complex and detailed modeling of the contraction caused by the drying glue that was used to secure the membranes to the frames or other boundary intricacies. Despite the intentional simplicity of the models, a minimum of five hours of computer processor time was required to generate the results. More complex models would obviously produce more accurate results, but these simple models, run on standard desk-top computers, produced data of a level of fidelity that do not justify the added time, effort, and expense required by more complicated models.
V. Correlation
An examination of Figures 4 and 8 reveals good correlation between the experimental results and the numerical simulation. The numerical result in Figure 8 shows a gravity sag of 12.5 mm, while the experimental data show a sag of approximately 16 mm. The two figures also have similar, diamond-shaped global deflection patterns and similar, small-amplitude wrinkles running from the corners to the centers of the membranes. Figures 3 and 9 both show the fixed-edge boundary condition for the square membrane. While the wrinkles in Figure 9 do not propagate through the entire membranes as those in Figure 3 , they show the same diagonal tendencies and have similar amplitudes of between 2 and 5 mm. Figures 6 and 10 show high correlation in the corner-supported triangular membrane configuration. Both figures reveal a 14.0 mm deflection caused by gravity and similar deflection patters. The good to excellent correlation of the numerical models to the experimental data shows that simple finite element simulations can be used to approximate the actual behavior of solar sails and other gossamer -4-American Institute of Aeronautics and Astronautics structures, allowing more detailed finite element models to be validated and scaled up to accurately predict the behavior of full-scale structures.
VI. Conclusions
The correlation of numerical models with experimental data is an important step in the future development of solar sails. As an initial step in the process, small square, triangular, and circular solar sail quality membranes were suspended horizontally an supported using two different boundary conditions. These basic configurations enabled the numerical models of the membranes to be fairly simple. Results from the numerical models correlated well to the experimental data. The methods and techniques used to create and validate the models are intended to demonstrate the potential of these experimental and numerical techniques for use in the creation of larger test structures, more detailed finite element models, and eventually full-scale solar sails.
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